We examined the development of lodgepole pine (Pinus contorta Dougl.) in uneven-aged stands in the Interior Douglasfir (IDF) biogeoclimatic zone of central of British Columbia (B.C.), which are currently undergoing a massive outbreak of the mountain pine beetle (Dendroctonus ponderosae Hopkins; MPB). Using historical ecological approaches, dendrochronology, and stand measurement data, we determined the roles MPB and fire disturbances have played in the ecological processes of lodgepole pine in an Interior Douglas-fir zone. We found that multiple mixed-severity fires created patchy uneven-aged stands dominated by lodgepole pine. Since fire suppression in the 20 th century, multiple MPB disturbances have maintained the structural complexity of the stands and favoured regeneration of lodgepole pine in the understory despite the absence of fire, resulting in self-perpetuating multi-age lodgepole pine stands. Analysis of the stand structures remaining after multiple MPB outbreaks showed that, even with high overstory mortality, the sample stands contained several MPB-initiated cohorts, consisting of younger and smaller-diameter lodgepole pine. These surviving lodgepole pine layers, which are less susceptible to beetle, will provide important ecological legacies, and could play an important role in the mid-term timber supply chain. We concluded that, in the absence of fire, the MPB plays a more frequent role in directing stand dynamics and structure in uneven-aged lodgepole pine stands resulting in selfperpetuating complex stands in the central interior. We compared and contrasted these findings with those obtained in "even-aged" lodgepole pine stands, also in the Interior Douglas-fir zone in the southern interior, which were investigated in an earlier study.
Introduction
The mountain pine beetle (Dendroctonus ponderosae Hopkins; MPB) is an agent of natural disturbance, and the most important insect impacting the productivity of North American pine forests (Furniss and Carolin 1977) . In western North America all pine species are suitable hosts for MPB (Furniss and Carolin 1977) ; however, lodgepole pine (Pinus contorta Dougl.) is one of the most susceptible and most widely distributed pine species in British Columbia (B.C.) (Krajina 1969, Meidinger and Pojar 1991) . In B.C. lodgepole pine covers over 14 million hectares of the forested landbase, and, in the current MPB outbreak, has affected approximately 13 million hectares of these forests (Westfall and Ebata 2008) . There is a lack of specific information on stand development following MPB epidemics of the current scale (Griesbauer and Green 2006) .
Earlier studies have demonstrated that MPB outbreaks play an important role in directing ecological processes and the dynamics of lodgepole pine forests (e.g., Roe and Amman 1970 , Stuart et al. 1989 , Heath and Alfaro 1990 , Shore et al. 2006 , Axelson et al. 2009 ). Bark beetle epidemics are viewed as stand-releasing disturbances that favour the release of existing suppressed and understory trees which then forms a new forest (e.g., Heath and Alfaro 1990 , Veblen et al. 1991 , Berg et al. 2006 , Axelson et al. 2009 ). In the northern Rocky Mountains of the United States, MPB outbreaks exerted widespread influence upon stand succession where, in the absence of fire, lodgepole pine regeneration was superseded by the establishment of shade-tolerant species (Roe and Amman 1970) . In B.C., a similar result was obtained by Heath and Alfaro (1990) and Axelson et al. (2009) , who found that MPB outbreaks, in combination with fire suppression, accelerated successional processes in favour of shade-tolerant, or semi-tolerant, species (e.g., Douglas-fir) in even-aged lodgepole pine. In the Cariboo-Chilcotin (CC) region of central B.C., Hawkes et al. (2004) examined stand composition following the 1980s MPB outbreak and determined the density of advance regeneration was high and predominately made up of lodgepole pine, demonstrating the ability of pine to regenerate under its own canopy. In south-central Oregon, old self-perpetuating multi-aged lodgepole pine forests had pulses of episodic regeneration that were strongly correlated to MPB outbreaks or fire (Stuart et al. 1989) .
In 2006, we commenced a two-year study to examine stand development and stand structure in even-and uneven-aged lodgepole pine stands in the Interior Douglas-fir (IDF) biogeoclimatic zone of B.C. Even-aged stands were selected in the southern interior in the Kamloops Forest District, and uneven-aged stands in the central interior in the Cariboo Forest District. In the evenaged stands we found that stand replacement fires initiated even-aged seral lodgepole pine stands; while subsequent multiple MPB disturbances transformed stands into forests with multiple age cohorts with increasing species diversity, each initiated by canopy-thinning by MPB (Axelson et al. 2009 ). In this previous study, historic MPB outbreaks acted as a modifier of even-aged lodgepole pine stand structure such that the reduction in stand merchantable volume from the current MPB outbreak could be mitigated by the presence and release of multispecies suppressed sub-canopy and understory cohorts. In this study, we present results from sampling uneven-aged lodgepole pine stands in the Cariboo-Chilcotin in areas with a mixed-severity fire regime and compare the impact of fire and MPB disturbances on stand structure and regeneration with our published results from even-aged stands.
At the landscape level, mosaics of even-and uneven-aged lodgepole pine forests are the norm and reflect the regional disturbance history (Agee 1993 ). In the Cariboo-Chilcotin uneven-aged stands have been historically created and maintained by a mixed-severity fire regime (Francis et al. 2002, Daniels and Watson 2003) , although the role of MPB was not examined. In the current outbreak, the Chilcotin Forest District has sustained the highest number of hectares impacted by MPB in B.C., with 1.5 million hectares recorded (Westfall and Ebata 2008) . Currently, there is a gap in our understanding about the potential growth release of advance regeneration and establishment of seedlings, from establishment to full maturity, particularly as it relates to large scale MPB outbreaks (Griesbauer and Green 2006) , especially in uneven-aged lodgepole pine stands in B.C. There are some studies that have examined the role of fire and MPB disturbances on uneven aged lodgepole pine stand dynamics in the U.S. (e.g., Stuart et al. 1989) . In this study we used a case-study approach by selecting a small number of stands in the Cariboo-Chilcotin to conduct in-depth dendroecological analyses to determine the role of fire and MPB disturbances, and their interaction, on stand dynamics in uneven aged lodgepole pine stands in central B.C. Reconstruction of detailed stand histories requires the collection of large numbers of increment cores and bole sections of live and dead trees and intense laboratory preparation to conduct tree-ring measurements. The large number of tree-ring measurements required in studies of this nature, and the need for crossdating each sample, does not allow a large number of stands to be sampled in the field. However, the case-study approach provides in-depth understanding of ecosystem processes and serves as a basis for ecosystem modeling.
The objectives of this study are similar to those in Axelson et al. (2009) , except they target uneven-aged lodgepole pine stands as compared to even-aged stands reported in Axelson et al. (2009): 1. To determine the impacts of the current MPB outbreak on stand structure and composition in the IDFdk4 of the Cariboo-Chilcotin (CC) after multiple MPB outbreaks. 2. To determine how historic fire and MPB disturbances interacted to shape the present day structure of these forests.
Methods

Study area
The study area was located in low-elevation forests of the Cariboo-Chilcotin region, in central B.C. Pre-screening of suitable stands was initiated using Geographic Information System (GIS) and BC Ministry of Forestry and Range maps, which included information on forest cover types, age classes and biogeoclimatic zones. Stands had to meet three criteria to be considered for sampling: 1) lodgepole pine as a leading species, 2) located in the dry cool (dk) Interior Douglas-fir (IDF) biogeoclimatic (BEC) zone, and 3) with an overstory estimated to be at least 80 years old. Three stands were selected in the IDFdk4, located between the communities of Alexis Creek (52°5ЈN, 121°16ЈW) and Tatla Lake (51°53ЈN, 124°35ЈW) (Fig. 1) .
The IDF zone has a continental climate, characterized by warm, dry summers, a long growing season and cool winters (Hope et al. 1991) , and occupies the lee side of the Coast, Cascade and Purcell Mountains (Hope et al. 1991) . Forests in the IDF tend to be a combination of interior Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco) and lodgepole pine, where pine is a common successional species, and, along with trembling aspen (Populus tremuloides Michx.), is a widely distributed seral species throughout the zone (Lloyd et al. 1990; Hope et al. 1991) . The IDFdk4 occupies the gently rolling landscape and the western portions of the Plateau are strongly affected by the Coast Mountains rainshadow, where total annual precipitation near Tatla Lake is 338 mm (Steen and Coupé 1997) . The IDFdk4 is the coldest biogeoclimatic unit of the IDF zone in B.C. and is climatically transitional from the IDF to the cold dry (cd) Sub-Boreal Pine Spruce (SBPS) zone (Steen and Coupé 1997) . Stands were sampled in the summer of 2007.
Field sampling
We employed systematic random sampling to select four fixed area sub-plots (5.64-m radius or 0.01 hectare in area) in each stand, in a line roughly parallel to the stand edge. Subplots were established at least 50 m away from the stand edge, and were located 50 m away from one another. All live and dead overstory trees (defined as trees ≥1.37 m tall) were numbered, species recorded, and diameter at breast height (DBH; cm), and height (m) measured. In addition, pine were classified according to their current MPB attack status as: live (no sign of beetle), dead other causes (not from MPB), green attack (entrance holes visible, with or without boring dust, but crown still green), red attack (trees attacked previous season, foliage red in color but still attached to branches), and grey attack (trees killed by MPB two or more years ago, and which no longer have any foliage). In the understory we measured all live and dead advance regeneration trees (defined as ≥0.30 m and <1.37 m tall), which were numbered, identified to species and measured for diameter at ground height (DGH; cm), measured at the top of forest floor and above the root collar and height (m). A tally of all live seedlings (defined as trees that are <0.30 m tall) was taken by tree species.
For analyses purposes we combined sub-plot data for each stand and converted values of number of trees per plot to trees per hectare (trees/ha) and divided the overstory into two categories: canopy (≥1.37 m tall and ≥7 DBH) and the subcanopy (≥1.37 m tall and <7 cm DBH).
Dendroecological sampling
To reconstruct in-depth stand histories we conducted increment core and disc sampling of select trees in each sub-plot from as many size classes as possible. Increment core samples were collected from live trees, at breast height, from a variety of DBH classes in each sub-plot. In addition, we extracted increment cores from the largest and presumably oldest trees in the stand to obtain the longest (i.e., oldest) chronologies possible. Trees were cored at breast height, a common procedure in forestry, though we do recognize that these samples underestimate true ages by about 5 to10 years. Disc samples were obtained from smaller trees (<7 cm DBH) at breast height and also at the tree base (root collar) to develop an age correction factor for trees sampled at breast height. Destructive samples were also collected at the tree base for the advance regeneration layer to date this cohort.
To extend the tree chronologies beyond the period recorded by the living trees in the plots, and to determine year of death, we obtained a targeted sampling (i.e., we obtained samples outside the plots) of coarse woody debris (CWD) (≥7 cm DBH). The limitation of assessing past stand disturbances using CWD is that much of the oldest downed debris has undergone some degree of decay and cannot be dated using the methods of dendrochronology, thus the number of samples decreases farther back in time.
Fires and sub-lethal MPB attacks can leave a permanent record in the form of scars on the tree bole. To determine past fire and MPB attack history, recorded as scars on the tree bole, we targeted the sampling of scarred trees, live or dead, by walking through each stand. Full discs or wedges were collected from as many specimens as could be located in each stand.
Dendroecological analyses
All wood samples were processed using standard dendrochronology methods (Stokes and Smiley 1968) . Samples were scanned and measured using WinDendro TM (v.2002a; Regent Instruments 2003 3 ), with a measurement precision of 0.01 mm. All the measured ring-width series were plotted and the patterns of wide and narrow rings were cross-dated among trees to identify possible errors in measurement due to false or locally absent rings. The program COFECHA (Holmes 1983 ) was used to detect errors and verify crossdating. Dated tree-ring series were standardized with the program ARSTAN (Cook and Holmes 1986) to produce a mean ring-width chronology. To standardize the measurement series we used a horizontal line through the mean, as this procedure retains the low frequency variability and facilitates the detection of deviations from the average growth rate, especially the sustained growth releases associated with canopy disturbances (Veblen et al. 1991) . Tree-ring chronologies were developed for lodgepole pine in each stand.
Using scar characteristics we were able to identify the year in which a fire or MPB attack occurred (Mitchell et al. 1983 (Fig. 2) . Scars that could not be identified as either fire or MPB origin, possibly due to mechanical or animal damage, were classified as "other".
Under epidemic conditions MPB preferentially kill the largest trees in the stand, and under intense MPB pressure this can result in mortality of a large portion of the overstory within a stand (Safranyik et al. 1974) . Trees not killed by MPB often sustain a prolonged period of accelerated growth after the outbreak, which is referred to as a growth release. The tree-ring program JOLTS (Holmes 1999 ) was used to detect growth releases in individual trees, by computing a ratio of the forward and backward 10-year running means of ring widths for each year. If this ratio exceeded 1.25 (i.e., a 25% increase in radial growth) for a given year, we counted a release for that year. Running means have been found to produce results that agree well with documented canopy disturbances (Rubino and McCarthy 2004) , and the 10-year window has been found to sufficiently smooth ring-width variability due to short-term climatic variation (Berg et al. 2006) . The ratio of 1.25 has been used in previous studies to document growth releases and effectively identifies periods of canopy thinning due to MPB outbreak , Campbell et al. 2007 , Axelson et al. 2009 ).
Results
Current stand structure
Stands sampled in the Chilcotin consisted of open-canopy, uneven-aged and multi-cohort stands of lodgepole pine with scattered aspen that had active infestations of MPB (Fig. 3) . Stand diameter and height distributions of live and dead trees indicated significant departures from normality (ShapiroWilk test, p < 0.05), with distributions skewed to the left (Fig. 4) with a reverse-J shape, where a larger number of trees occurred in the smaller diameter and height classes (Fig. 4) . Both distributions showed several peaks indicating the presence of a layered forest structure. The exception to this was stand 121, where the distribution was skewed to the left but did not have a reverse-J shape, indicating that trees were more uniformly distributed (Fig. 4) . In the canopy, live tree density ranged from 278 to 1675 stems/ha, and average DBH and height was roughly 10.5 cm and 10 m tall, respectively (Table 1 ). The canopy was 100% lodgepole pine in stands 121 and 126, with 23% aspen in stand 104 (Table 1 ). In the sub-canopy, live tree density ranged from 825 to 1400 stems/ha, and was more variable than the canopy based on standard error of the mean (Table 1) . Sub-canopy DBH and height ranged from 2.4 cm to 2.9 cm and 2.6 m to 5.8 m, respectively (Table 1) . Lodgepole pine dominated the live sub-canopy although stands 104 and 126 had aspen as a secondary species at 50% and 26%, respectively (Table 1) .
In the canopy, dead lodgepole pine density ranged from 225 to 513 stems/ha, with DBH and height ranging between 11.5 cm to 19.6 cm and 11.2 m to 13.6 m, respectively (Table  2) . No dead secondary species were present in the canopy. Dead tree density in the sub-canopy ranged between 125 to 1875 stems/ha with DBH and height from 2.7 cm to 3.3 cm and 2.9 m to 4.2 m, respectively (Table 2) . Stands 104 and 126 had aspen as a secondary species ranging between 20% and 29% of the total dead stems ( Table 2 ). The proportion of dead trees that were killed by MPB ranged from 70% to 83% in the canopy and 0% to 20% in the sub-canopy (Table 2) . As expected, MPB-related mortality of lodgepole pine was higher in the larger DBH classes while the highest live tree density occurred in the lower DBH classes (Fig. 5) . The most common cause of lodgepole pine mortality in the smaller DBH classes was predominately self-thinning (Fig. 5) . Self-thinning was most evident in stand 121, which had the highest density in the lower DBH classes, where the mortality was all attributed to other causes (Fig. 5) .
Advance regeneration density ranged from 200 to 4800 stems/ha, and diameter at ground height (DGH) and height ranged from 0.56 cm to 0.95 cm and 0.58 m to 0.73 m, respectively (Table 3) . Seedling (only live seedlings tallied) density ranged from 700 to 4300 stems/ha (Table 3) . Species composition was similar for advance regeneration and seedlings, where the leading species was lodgepole pine while aspen was secondary ranging from 15% to 19% (Table 3) .
Dendroecological stand histories
Tree-ring analysis of tree increment cores and discs from the canopy, sub-canopy, and advance regeneration cohorts indicated past dates of tree establishment, mortality, and growth release for sample stands.
Canopy and sub-canopy establishment
Based on fire scar analysis, five fire events were recorded in stand 104 (Fig. 6a) , five in stand 121 (Fig. 7a) and four in stand 126 (Fig. 8a) . No fire scars were identified after 1911 in any of the three stands sampled. Mountain pine beetle strip attack scars were recorded in the 1910s to 1920s for stand 121 (Fig. 7a ) and in the 1940s for stand 126 (Fig. 8a) ; while no MPB strip attack scars were found in stand 104 (Fig. 6a ). An 1842 fire was recorded in all three stands, although, based on tree-ring analysis, this fire did not result in the establishment of the current canopy or sub-canopy (Figs. 6b to 8b) .
In stands 104 and 126, lodgepole pine in the canopy and sub-canopy established over a period of a hundred years (Table 4) , with no distinct pulses (Figs. 6b and 8b) , suggesting that fires were of mixed-severity type, i.e., ground fires that crown in portions of the landscape, leaving many surviving trees. Stand 121 had a fire in 1911 that initiated lodgepole pine regeneration over a two-decade period, which now forms the canopy and sub-canopy of the present stand. The regeneration initiated by this fire indicates that fire severity was higher than those fires occurring in stands 104 and 126, possibly a stand replacement fire ( Fig. 7a and 7b ; Table 4 ).
Partial mortality of the lodgepole pine canopy by MPB reduces the canopy cover, which can facilitate tree regeneration through increased light and soil moisture availability (Coates and Hall 2005) . Sub-canopy establishment for lodgepole pine was extremely prolonged occurring from the late1800s to the mid-1970s and for aspen during the late-1960s to the early-1990s (Table 4 ). There were distinct pulses of subcanopy tree establishment (Figs. 6b to 8b) ; especially in the 1980s for stands 104 and 126 (Figs. 6b and 8b) . Sub-canopy establishment often coincided with historic MPB outbreaks as indicated by MPB scar dates (Figs. 6a and 8a) and periods of growth release in the tree ring record (Figs. 6c to 8c, see  below) . In addition to tree ring evidence, historic MPB outbreaks have also been documented during these periods by insect overview surveys (Wood and Unger 1996) .
Historic mountain pine beetle outbreaks based on tree-ring analysis Stand-wide growth releases were detected in each stand (Figs. 6c to 8c; Table 5 ). Growth releases were recorded by surviving lodgepole pine trees after fire events in the early portion of the record in each stand (Figs. 6c to 8c) , and also after documented MPB outbreaks in the 1930s and 1980s (Figs. 6c to 8c; (Wood and Unger 1996) . In addition, MPB-induced growth releases were recorded in stands 104 and 126 in the late-1950s to the 1960s (Fig 6c and 8c ; Table 5 ) after smaller, more localized MPB infestations across the central interior during this time (Wood and Unger 1996) . The proportion of sampled trees releasing in each stand was between 15% and 45%, with releases lasting between eight and 25 years (Table 5 ). The interval between consecutive releases, calculated from the start of one release to the start of the next release within a stand, averaged 17 years and ranged from 12 to 43 years (Table 5 ). The interval between releases is considered a surrogate for the interval between MPB outbreaks (Axelson et al. 2009 ).
Tree mortality dates from coarse woody debris
Dating of the coarse woody debris (CWD) (≥7 cm DBH) provided individual tree mortality dates and disclosed synchronous periods in which multiple tree mortality occurred. Tree mortality dates coincided with canopy and sub-canopy tree-ring release periods during periods of recorded MPB outbreaks (Wood and Unger 1996) . Tree mortality dates occurred primarily from the 1960s to present, with tree mortality coinciding with the 1980s outbreak in all three stands (Figs. 6d to 8d ). Multiple tree mortality in the 1980s was followed by periods of growth release in the remaining live canopy and sub-canopy (Figs. 6c to 8c ), which in turn was followed by establishment of advance regeneration (Figs. 6e to 8e) . A limitation of the CWD analysis is that sample depth decreases over time since the old CWD is not datable using dendrochronological methods because of the advance stages of rot; thus, the mortality record for each stand is incomplete, covering only the last 60 to 80 years. 
Establishment of advance regeneration
The advance regeneration in the understory originated following MPB-induced tree mortality in the 1980s (Figs. 6d to 8d) in a process similar to what triggered the recruitment of the sub-canopy trees (Figs. 6e to 8e). Advance regeneration establishment was facilitated by the canopy gaps created by MPB-induced mortality in the canopy (Fig. 3) .
Discussion
Using a case study approach we determined the role of fire and MPB disturbances in the ecology of lodgepole pine in even-aged stands in southern B.C. (Axelson et al. 2009 ), and in this study, in uneven-aged stands in the IDFdk4 zone of the Cariboo-Chilcotin (CC) region of central B.C.
In this study, detailed tree-ring analysis suggest that, historically, the CC forests have been maintained by a combination of frequent low-to moderate-severity and infrequent highseverity (stand-replacement) fires and repeated MPB outbreaks varying in severity. Mixed-severity fires primarily thin lodgepole pine stands from below, killing mainly the smalldiameter trees (Agee 1993) , while MPB outbreaks primarily thin from above, killing large-diameter-canopy trees (Safranyik 2004) . The historic fire and MPB disturbance regime has resulted in complex multi-aged lodgepole pine stands (Fig. 3) , with some of the current-canopy lodgepole pine trees having both fire and MPB strip scars (Fig. 2) .
Tree-ring analysis of tree cores and fire scars indicated that fires were first recorded in the early 1700s (older samples were JANUARY/FEBRUARY 2010, VOL. 86, NO. 1 -THE FORESTRY CHRONICLE 95 not available), persisting throughout the 1800s, and then no longer occurring in sampled stands after the early 1900s (Figs.  6a to 8a) . A similar fire history has been identified in other fire history studies in the CC (BCMFR 1995 , Blackwell et al. 2001 , Francis et al. 2002 , Iverson et al. 2002 , Daniels and Watson 2003 , Hawkes et al. 2005 . In recent decades, there has been a reduction in the area burned for interior forests dominated by lodgepole pine, which was partly attributed to the start of forest fire suppression in B.C. (Taylor and Carroll 2004) , and in the absence of fire during most of the 20 th century, the main disturbance agent in the CC stands has shifted to MPB. Recurrent MPB outbreaks in the CC region have caused variable levels of mortality across the landscape ), which in turn has affected the strength and duration of canopy and sub-canopy growth release. Growth releases of surviving lodgepole pine after MPB occurred in all three stands following the documented 1930s and 1980s outbreaks (Wood and Unger 1996) , and in stands 104 and 126 during a smaller outbreak in the 1950s (Figs. 6c and 8c ; Table 5 a Growth release defined as a 25% increase in radial growth over a 10-year period recorded by a minimum of ≥10% of samples. b Interval is calculated from the start of one release to the start of the next release.
